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This Final  Technical Report: Addendum One summarizes the  work per- 
formed by Stanford Research I n s t i t u t e  under a cou t ;nua t l e~  t- ?,larch 30, 
1969, of Contract No. 951484 f o r  the  J e t  Propulsion Laboratory. 
The Technical Representative ;or the Jet Propulsion Laboratory was 
Mr. Howard B. Stanford; the technical  e f f o r t  a t  Stanford Research 
I n s t i t u t e  was under the  d i rec t ion  and guidance of D r .  8. F. Muraca. 
Various processes, procedures, t e s t  equipment, and methods developed 
under t h i s  contract  were repoiVted i n  d e t a i i  i n  the  Final  Report, 
June 17, 1968. 
ABSTRACT 
Stanford Research I n s t i t u t e ,  Menlo Park, Ca l i fo rn i a  
DEVELOPMENT OF TECHN1QL.S TO IMPROVE BL4DDER MATERIALS AND TEST METHODS 
Fina l  Technical Report: Addendum One, March 30, 1969 
T. F. Muraca, J. S. Whittick, and A. A. Koch 
(JPL Contract No. 951484 under NAS7-100; SRI P ro jec t  PRD-6068) 
This F ina l  Technical Report: Addendum One summarizes t h e  work per- 
formed s ince  the  issuance of t he  F ina l  Report ( ~ u n e  17, 1968) and does 
not repeat  t h e  d e t a i i s  included i n  t h a t  report .  
Equivalent PTFE f i lms f o r  expulsion bladders can be made from aqueous 
dispersions obtained from d i f f e r e n t  suppl ie rs  without a l t e r a t i o n  of t he  
process parameters developed previously ( ~ i n a l  Report).  The f l e x  r e s i s t -  
ance of t he  PTFE f i lms  i s  not a f f ec t ed  by prolonged immersion i n  d in i t rogen  
te t roxide  (N,o,) 
The micro c rease  t e s t e r  o r i g i n a l l y  constructed a t  SRI was r e b u i l t  
from metals t h a t  a r e  compatible with N,O, a s  wel l  a s  oxygen d i f l u o r i d e  
(OF,), and t h e  loading system was redesigned t o  provide smoother and more 
accurate performance a t  a constant  tension. 
The r e s u l t s  of a comprehensive and c r i t i c a l  l i t e r a t u r e  review ind ica t e  
t h e  f e a s i b i l i t y  of cladding t i tanium a l l o y s  with an e l e c t r o l e s s  n i cke l  
p l a t e  t o  p ro t ec t  them from impact s e n s i t i v i t y  i n  the  presence of OF, o r  
possible  hydrogen embrittlemsnt i n  the  prtasence of diborane (B,H, ) ; a 
program of development f o r  such a p l a t e  is out l ined.  
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I  INTRODUCTION 
This repor t  i s  an Addendum t o  the  F ina l  Report published under JPL 
Contract No. 951484 on June 17, 1968. I t  summarizes t he  work performed 
by Stanford Research I n s t i t u t e  i n  cont inuat ion of t h e  program during t h e  
period August 1968 t o  March 1969. 
The primary objechives of t he  program of work have been t o  i nves t iga t e  
promising mater ia l s  f o r  expulsion devices  and t o  develop methods f o r  
t e s t i n g  such mater ia l s .  
During t h e  p r i o r  cont rac t  per iod,  process  parameters were es tab l i shed  
f o r  t h e  f ab r i ca t ion  of polytetraf luoroethylane f i lms  from aqueous d i s -  
pers ions  t h a t  would be su i t ab l e  f o r  use i n  expulsion bladders,  and proce- 
dures  were developed f o r  t he  physical ,  mechanical, and chemical character-  
i z a t i o n  of t h e  f i lms.  
Recent work has included a  comparative study of PTm f i lms  made from 
aqueous d ispers ions  obtained from d i f f e r e n t  sources i n  order  t o  determine 
whether processing parameters would have t o  be m d i f i e d  or  f i lm  p rope r t i e s  
would vary s ign i f i can t ly .  The r e s u l t s  of t h i s  inves t iga t ion  a r e  given i n  
Section 11. 
The micro c rease  t e s t e r ,  o r i g i n a l l y  designed and constructed f o r  
t e s t i n g  the  crease-and-fold r e s i s t ance  of f i lms  i n  OF,, has been r e b u i l t  
foi' t e s t i ng  f i lms  i n  the  presence of N,04. Essen t i a l  f e a t u r e s  of design 
and construct ion a r e  discussed i n  Section 111, and t h e  r e s u l t s  of t e s t i n g  
PTFE f i lms in  N,04 a r e  given i n  Section 11. 
The p r i o r  work a l s o  showed t h a t  ava i l ab l e  polymeric ma te r i a l s  com- 
p a t i b l e  with space s to rab le  propel lan ts  a r e  unsui table  f o r  use a t  t he  
semicryogenic temperatures required because of rap id  embritt lement.  Since 
t i t an ium a l l o y s  a r e  under s e r ious  cons idera t ion  f o r  t he  containment of 
s t o r ab l e  p rope l l an t s  f o r  long missions,  i t  i s  pos s ib l e  they may be used 
f o r  expulsion diaphragms a l so .  However, t i t an ium and i t s  a l l o y s  a r e  sub- 
j e c t  t o  pyrop:~orici ty ,  impact s e n s i t i v i t y ,  hydrogen embritt lement,  e t c . ,  
i n  t he  presence of c e r t a i n  ox id i ze r s  and fue l s .  I n  order  t o  ensure t h e  
successful  use of t he se  d e s i r a b l e  a l l oys ,  i t  was suggested t h a t  t h e  sur-  
f aces  t o  be -xposed could be pro tec ted  by a t h i n  coa t ing  of n i cke l  appl ied 
by an e l e c t r o l e s s  procedure. The f e a s i b i l i t y  of c ladding t h e  a l l o y s  with 
n icke l  and the  a t tendant  problems a r e  discussed i n  Sect ion I V ;  a program 
o u t l i n e  f o r  developing and assess ing  a s u i t a b l e  e l e c t r o l e s s  n i cke l  p l a t e  
f o r  t i tanium and its a l l o y s  is given. 
I 1  A COMPARATIVE STUDY OF POLYTETRAFLUOROETHYLENE FILMS 
In t h e  work previously reported ufider t h i s  contract ,*  t h e  aqueovs 
d ispers ions  of po ly te t ra f luoroe thylene  used f o r  the  experimental fabr ica-  
t i o n  of propulsion bladder f i lms  were obtained from a s ing le  source, 
E.  I . d u  Pontde  Nemours arid Company. Since it is poss ib le  t h a t  s imi l a r  
d i spers ions  obtained from d i f f e r e n t  supp l i e r s  may r equ i r e  modified proces- 
s ing  techkliques or ,  more p a r t i c u l a r l y ,  t h a t  t h e  end products may have 
d i f f e r e n t  proper t ies ,  a one-gallon l o t  of PTFE aqueous d:<spersion was 
obtained from Du Pont ( " ~ e f  ion" TFE-30) and a l s o  from Imperial Chemical 
Indus t r ies ,  Ltd. ( "~ luon"  GP-1). A f i lm  was prepared from each d ispers ion  
under i d e n t i c a l  condi t ions so t h a t  comparisons could be made of severa l  
p roper t ies  of the  r e s u l t i n g  f i lms.  
Teflon TFE-30 d ispers ion  conta ins  59-61% of PTFE s o l i d s  with a par- 
t i c l e  s i z e  of 0.05 20 0 . 5 ~  and 5.5-6.5% of a nonionic wett ing agent.  
Fluon GP-1 dispers ion  conta ins  60% PTFE s o l i d s  with a mean p a r t i c l e  
.size of 0.2p and 6% of a nonionic wett ing agent .  
Each d ispers ion  was d i l u t e d  so t h a t  t h e  f i n a l  mixture f o r  spraying 
contained 30% of PTFE so l id s ,  and the  wetting agent content  was increased 
t o  7% with Tr i ton  X-100. Sixteen spray appl ica t ions  of each mixture were 
used t o  bui ld f i lms  of 5-mil thickness  on the  aluminum m-ldrels; each 
applied l aye r  was s in t e red  a t  3 6 0 ' ~  f o r  20 minutes. F ina l ly ,  t he  f i lms  
r e r e  s in te red  a t  360°C f o r  24 hours and then quenched by an instanta~e.-)us  
drop of the  mandrel i n t o  a mixture of i ce  and water. 
... 
* Fina l  Report f o r  June 17, 1968. 
The only d i f fe rence  in  physical  appearance of the  f i lms i s  t h a t  t h e  
Fluon f i lm i s  very nearly "water white" and shiny, whereas t h e  Teflon f i lm  
is  s l i g h t l y  milky with a s a t i n  sheen. 
The c r y s t a l l i n i t y  of t he  two f i lms  was determined by the  x-ray a i f -  
f r a c t i o n  technique described i n  our e a r l i e r  r epo r t  and found t o  be: 
Fluon GP-1 43.0% c r y s t a l l i n i t y  
T e f l o ~  WE-30 45.5% c r y s t a l l i n i t y .  
Electronmicrographs of the  f i lms ind ica te  s t r u c t u r a l  d i f f e r ences  a t  a 
magnification of 8,000 (Figures  1 and 2 ) ,  but r e l a t i v e l y  no d i f f e r ence  
a t  a magnification of 100,000 a s  shown i n  Figures 3 and 4. 
A s e r i e s  of crease-and-fold measurements was made f o r  each f i lm  using 
the  modified micro t e s t e r  (descr:'bed i n  Section I11 of t h i s  r e p o r t )  under 
a 2-lb tension with a blade angle of 2' and a reference angle of 120'. 
The d i f f e r ences  i n  f l e x  r e s i s t a n c e  a r e  not considered t o  be s i g n i f i c a n t .  
Cycles-to-Failure ( i n  ~ i r  
Fluon GP-1 Teflon TFE-30 
- 
There has been some q ~ e s t i o n  a s  t o  whethei* the  f l e x  r e s i s t ance  of 
PTFE f i lms a s  measured i n  a i r  might be a l t e r ed  a f t e r  t he  f i lms  were soaked 
In and t e s t ed  under N20,. Thus, a specimen of each f i l m  was soaked i n  





the  N,O, was withdrawn and the  system flushed with dry ni trogen p r i o r  t o  
operating the spark hole-tester.  The values obtaiued showed no s ign i f i -  
cant d i f ference  from those given above: 
Fluon GP-1 344 cycles-to-fai lure 
i n  N,O, 
Teflon TFE-30 210 cycles-tc-f a i l u r e  
in  N204 
The r e s u l t s  of the  above experiments and t e s t s  indica te  tha t  pro- 
pulsion bladders of equivalent qua l i ty  can b e  made from PTTE aqueous d is -  
persions furnished by d i f f e r e n t  suppliers ,  t h a t  the  o r ig ina l ly  developed 
process parameters need not be modified f o r  d i f f e ren t  PTFE dispersions, 
and tha t  the  f l e x  res is tance  of the  PTFE films is  not affected by contact 
of t h e  filins with N204 o r  i t s  solut ion therein. 
I11 MODIFICATION OF MICRO CREASE TESTER 
The f i r s t  micro crease tester constructed a t  SRI* was made of monel 
u e t a l  with various nickel  o r  nickel-plated members s ince it was thought 
a t  the  time tha t  monel and nickel  were the  most su i table  metals f o r  us3 
with OF,. However, f o r  the  present work, f l e x  measurements i n  the  pres- 
ence of N,04 were required, and s ince  nickel  o r  nickel  a l loys  a r e  not 
compatible with N20,, t h e  apparatus was r e b u i l t  e n t i r e l y  of aluuinum 
al loys  and s t a i n l e s s  s t e e l  a l loys  which a r e  compatible not only with N204 
but a l s o  with OF,. The spring-loaded system f o r  applying tension t o  
specimens being flexed was replaced with a gravity system (lead weights) 
t o  provide smoother, evener performance and a constant tension. 
The inverted bel l - ja r  (3"-diam Pyrex g lass )  used t o  house the  f i r s t  
apparatus and contain the  test medium was replaced by a 3"-diam Pyrex 
g lass  pipe, flanged a t  each end. This permits bottom loading of the  
sample under t e s t ,  simplified posi t ioning of the  spark t e s t  probe, a 
drainage port  f o r  media t h a t  a r e  f l u i d  a t  room temperature, and an o u t l e t  
f o r  f lushing the  system with an i n e r t  gas t o  sweep out fumes of N204. This 
g lass  pipe housing i s  sui table  f o r  t e s t ing  i n  propellants  o r  other  mate- 
r i a l s  a t  room or  a t  elevated temperatures. When materials  a re  t o  be tes ted  
a t  less than room temperature, the  be l l - j a r  type of chamber i s  required 
since it can be immersed in  a coolant bath. 
Figure 5 i s  a close-up view of the  apparatus showing a lead weight, 
a PTFE sample clamped i n  the  test f i x t u r e  around the  crease f i t t i n g ,  and 
the  flange system a t  e i t h e r  end of the  Pyrex g lass  pipe. The valve a t  
lower r i g h t  leads from the  l iqu id  dra in  port  t o  the  exhaust system, the  
* Final Report f o r  June 17, 1968 under t h i s  contract .  

knurled knob a t  lower center i s  used t o  r a i s e  o r  lower t h e  spark t e s t  
probe a s  required, and the  tubing shown a t  .lower l e f t  l eads  t o  t h e  gas 
exhaust system. 
In Figure 6, t he  whole t e s t  assembly is seen, including the  d r i v e  
motor, with a cyl inder  of N,04 i n  place; N,04 i s  brought i n t o  t h e  t e s t  
chamber a t  upper l e f t .    he g l a s s  monifold shown a t  t h e  top  of t he  photo- 
graph is  not  a p a r t  of t h i s  system.) 
The over-al l  assembly drawing of t he  t e s t  apparatus is  given i n  
Figure 7, and t h e  design drawing f o r  t h e  c rease  f i t t i n g  i n  Figure 8. 
(several  complete s e t s  of drawings, not  included i n  t h i s  r epo r t ,  have beeil 
submitted t o  JPL. ) 
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I V  NICKEL CLADDING OF TIfl'AKIIX ALLOYS 
The potent ia l  value of ti tanium and i t s  a l loys  a s  aerospace niaterials 
led t o  the accelsrated development of processing and fabr ica t ion  techniques, 
sponsored by several Gcvernment agencies s ince World War 11. The high 
strength-to-weight ~ - a t i o  and r e s i s t a ~ c e  t o  atmospheric corrosion were but 
two of the a t t r a c t i v e  propert ies ,  and the  developxent of a l loys  progressed 
toward fur ther  impr~vement of mechanical propert ies;  thus,  the  a l loy  cur- 
rent ly  most favored fo r  space use, 6X1-4V, was introduced i n  1954. 
During the  ear ly  years of ti tanium al loy development, the  qua l i ty  of 
performance was proven in  uses a s  s t ruc tu ra l  members and components f o r  
a i r c r a f t ,  ro:kete, weapons, process equipment, e t c .  Titanium and i t s  
al loys have been used ~ ~ i c c e s s f u l l y  f o r  pressure vesse ls  in  spacecraft 
( ~ e m i n i  and ~ a n ~ e r )  and f o r  storage of fue l s  such a s  hydrazine (surveyor 
and ~ a r i n e r ; ,  The mechanical prcper t ies  of 6A1-4V t i t a n i m  a l loy  make it 
especially des i rable  f o r  the  containment of space-storable propellants ,  
wnich a re  required f o r  lorger-duration space missions. However, there  a re  
unzertaint ies  about i ts  behavior i n  d i r e c t  contact with a t  l e a s t  two of 
the  propellants irnder considerztion, OF, and B,H,. 
A recent survey [18] indicated t h a t  ti tanium al loy  apparently has a 
sa t i s fac tory  resistance t o  corrcsion by OF,, but has tendencies t o  impact 
sens i t iv i ty  when i n  contact with it. There is  a l s o  the  poss ib i l i ty  of 
hydrogen embrittlenent and subsequent weakening of ti tanium al loys  i n  the 
presence of B?H,, which undergoes thermal decomposition readily,  but no 
information was found t o  c l a r i f y  t h i s  point.  In order t o  circumvent the  
pocs ib i l i ty  of hazardz or  malfunctions connected with impact s e n s i t i v i t y  
3r hydrogen embrittlement, it waE recommended [IS] t h a t  a program be 
es tab l i shed  t o  inves t iga te  t h e  p l a t ing  of t i tanium a l l o y s  with a t h i n  
coat ing of n icke l ,  vhich i s  r e s i s t a n t  t o  cor ros ive  a t t ack  b-: OF, o r  B2HG, 
is s u f f i c i e n t l y  d u c t i l e  t o  withstand w i t h u t  crazing the  motions involved in  
diaphragms, bellows, o r  valve movements, and is  in sens i t i ve  t o  impact i n  
t h e  presence of r eac t ive  propel lan ts ,  t hus  pro tec t ing  t h e  t i t an ium a l l o y  
system components. I t  was rctcommended f u r t h e r  t ; ~ a t  e l e c t r o l e s s  n i cke l  
procedures p a r t i c u l a r l y  be inves t iga ted  i n  order  t o  ensure t h e  cladding 
&2d pro tec t ion  of even t h e  genera l ly  inaccess ib le  inner  a r e a s  of t r ans fe r  
tubing and valve bodies, t he  t h i n  edges o r  sharp c reases  of bellows, e t c .  
Another reason f o r  cladding t i t an ium o r  i t s  a l l o y s  i s  t o  remove some 
undesirable p rope r t i e s  of t h e  bare metal t h a t  a r e  displayed i n  the  per- 
formance of moving par t s :  f o r  example, a severe tendency t o  g a l l i n g  and 
low wear res i s tance .  In f a c t ,  it i s  e spec i a l ly  f o r  t h i s  reason t h a t  
e l e c t r o l y t i c  and e l e c t r o l e s s  procedures have been inves t iga ted  from time 
t o  time f o r  cladding t i tanium and i t s  a l l o y s  with n icke l .  
Befare e s t ab l i sh ing  an experimental program o i  work, ava i l ab l e  l i t e r -  
a t u r e  was reviewed t o  aff i rm t h e  choice of an e l e c t r o l e s s  nickel-plat ing 
prscedure, t o  determine which parameters of e l e c t r o l e s s  procedures had 
been s tudied  d e f i n i t i v e l y ,  p a r t i c u l a r l y  with appl ica t ion  t o  t i tanium e l loys ,  
and t o  i den t i fy  problem areas .  The ccmplete bibliography i s  given a t  t h e  
end of t h i s  Section. 
A .  Discussion 
I t  i s  conceded generc l ly  t h a t  t i t an ium can be p l a t ed  with n icke l  by 
standard e lec t rodepos i t ion  methods, but th2 p l a t e  is  loose ly  adherent ,  
apparently due t o  an i n i t i a l  surface f i lm  of TiO, which i s  formed r ead i ly  
11 
CZI a clean'' t i taniun;  suroface i n  a i r  o r  i n  aqueous so lu t ions .  The proce- 
dures  of var ious  w ~ r k e r s  f ~ r  removing t h i s  s u 3 f a c e  f i lm  ~f Ti02 p r i o r  t o  
electroplat-- .g  have included a n d i c  etching,  chemical e tching,  wet and dry  
sandblasting, and fused s a l t  pickl ing;  however, reported goo3 r e s u l t s  h c r e  
not  been cons is ten t ly  reproducible by o ther  workers. A t  tempts a t  d i f fu s ion  
annealing a f t e r  p l a t ing  have resu l ted  i n  more t i g h t l y  adherent coat ings,  
but with a general  l o s s  in surface mecl~anical p rope r t i e s .  
Since t h e  discovery of an e l e c t r o l e s s  procedure f o r  n icke l  p l a t i n g  
i n  1944, commercial use has been increasing s t e a d i l y  because of i t s  many 
advantages over e lec t rodepos i t ion  methods such a s :  uniformity of deposic; 
l e s s e r  poros i ty  of depos i t ;  good coverage of inner a reas ,  c rev ices ,  pro- 
t r u s i o n s ,  e t c . ,  without need f o r  complex conf igura t ions  of anodes; and 
fewer problems with hydrogen embrittlement. One l i m i t a t i o n  i s  tha t  e lec-  
t r o l e s s  n icke l  may be deposited only a t  a r a t e  of l e s s  than one m i l  p e r  
hour i n  con t r a s t  with the  higher  r a t e s  afforded by e lec t rodepos i t ion .  
Coatings over 5 m i l s  i n  thickness  a r e  not economically a r a c t i c a l  because 
of the  c o s t s  of t he  reducing agents,  but i t  i s  estimated t h a t  no more 
than abcut 1 - m i l  th ickness  w i l l  be required f o r  the p ro t ec t ion  of t i t an ium 
a l loys  f o r  the  intended purposes. 
The most widely used e l e c t r o l e s s  procedure u t i l i z e s  an acid bath 
( p ~  4-6) containing a n icke l  :sal t  and a hypophosphite reductant ,  with 
add i t i ves  f o r  bath q u a l i t y  o r  p l a t e  f i n i s h ;  the  reduct ion of t he  s a l t  t o  
n icke l  1s catalyzed a t  and by surface of t h e  metal being p la ted .  ( ~ e s s  
used i s  an a lka l ine  bath, pH 8-10.) The p l a t e  i s  somewhat b r i t t l e ,  but 
made more d u c t i l e  by annealing a t  about 400 '~ ;  i t  has a hardness and wear 
r e s i s t ance  g rea t e r  than e lec t ropla ted  n icke l  aad s grea t e r  r e s i s t ance  t o  
chemical corrosion.  However, it i s  an a l loy  of phosphorus and n icke l  
containing f r o n  3% t o  15% phosphorus; t he  r e s i s t ance  of t h i s  a l l oy  t o  
corrosive a t t ack  by OF, i s  not  known, nor i s  it known whether the  presence 
of t he  phosphorus ~vould enhance the  impact s e n s i t i v i t y  of t he  "nickel" 
p l a t e  i n  t h e  presence of OF,. 
Experimental work has been performed with o the r  redllctants such a s  
borohydrldes and aminoborsne; i n  these  ins tances ,  z nicke l  a l l oy  p l a t e  
with a boron content of 3% t o  10% has shown excellent  waar and corrosion 
resistance.  On the  o the r  hand, with the use of hydrazine a s  a reductant,  
p l a t e s  of 97-99% nickel  were achieved, but 8-10 elements were present  a s  
impurities; there was a high gas content of 0.3-0.8% (oxygen, nitrogen, 
and hydrogen); and voids were created by decomposition of impuri t ies  
during heating. Again, the  r e a c t i v i t y  with OF, of any of the  above pLates 
has not been investigated. 
The same problem of surface treatment t o  remove the  f i lm 01 TiO, 
ex i s t s ,  of course, a s  i n  electrodeposition. There have been a number of 
attempts, recommendations, and patents  f o r  ac t iva t ing  the  surface,  which 
must be examined c r i t i c a l l y  not only from the  point  of view of promoting 
the  adherence of the  p l a t e  but a l so  f o r  the  possible e f f e c t  of impuri t ies  
introduced from t h i s  source on the  corrosion res is tance  and the  impact 
s e n s i t i v i t y  of the  p l a t e .  
Final annealing of the  p la te  is a c r i t i c a l  f ac to r  i n  promoting and 
maintaining good physical and mechanical propert ies .  Annealing has been 
performed under a var ie ty  of conditions, and some success has been achieved 
i n  producing e lec t ro less  nickel  p l a t e s  on titanium a l loys  with mechanical 
proper t ies  approaching those of electrodeposited nickel  on nonrefractory 
metals. 
P o  Future Work 
In view of the  above f indings,  i t  appears tha t  the  program of 
development required t o  ensure a protec t ive  coating f o r  t i tanium and i ts  
a l loys  i n  the  presence of advanced propellants  should include: 
(1) The se lec t ion  o r  development of a reproducible and r e l j a b l e  
surface treatment of the  metal p r io r  t o  p la t ing;  
(2) The se lec t ion  o r  development of e l ec t ro less  p la t ing  baths and 
procedures f o r  t h e i r  maintenance f o r  e f f i c i e n t  and reproducible 
plat ings;  
(3) The determination of the optimum annealing conditions. 
Other determinations to be made in line with and to assess the couise 
of the work include: 
(1) The compositional analysis of plating baths at specific times 
and the relationship to the compositional analysis of the final 
plates; 
( 2 )  Photomicrographic inspection of plates for integrity and 
structural characteristics; 
(3) Resistance of plates to bending or flexing; 
4 )  Resistance to impact sensitivity in the presence of advanced 
propellants. 
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